Maize is used for bakery and for gluten-free food for coeliac patients. Our objective was assessing diversity for dough rheology and breadmaking in maize with different origins, grain types and growth cycles. Endosperm type affected bread crumb colour having dent maize higher L* and a* and instant recovery speed. Population origin affected flotation index, onset pasting temperature, bread crumb colour, hardness and instant recovery speed. Finally, growth cycle affected flotation index, crumb colour L* and a* and cohesiveness. Water-binding capacity, crumb colour and hardness were the most discriminative parameters for maize. The maize population Andaluz/Daxa was the less distant from wheat parameters, and Tremesino was the most different.
Introduction
In the north of Spain and Portugal, maize (Zea mays L.) wholegrain has been used for bakery for more than four centuries (Revilla et al., 2003 (Revilla et al., , 2008 Vaz Patto et al., 2007 , 2009 Brites et al., 2010; Malvar et al., 2012) . In those countries, maize bread is usually made with mixtures of flour from maize, wheat and rye. Nevertheless, maize is also used for bakery in countries where wheat is not available at affordable prices (Rai et al., 2012; Nkhabutlane et al., 2014) . Lately, a great potential value of maize is the manufacturing of bakery products for patients with coeliac (Brites et al., 2010; de la Hera et al., 2013) . Indeed, maize lacks gluten, a mixture of storage proteins that gives wheat bread the viscoelastic network that enables the dough to hold the gas produced during the fermentation process, leading to an aerated crumb bread structure. However, gluten must be absent in the diet of patients with coeliac, and bread made without gluten has physical characteristics that differ substantially from standard wheat bread (Matos & Rosell, 2011 , 2015 .
Quality criteria for maize have been defined for diverse culinary uses; for example, maize is classified in the USA into five different grades, based on grain density, proportion of wholegrains, damaged grains and grain colour (FAO, 1992) ; nevertheless, less attention have been paid to their classification according to breadmaking potential. Genotypic variation and environmental growth conditions have a significant impact on physico-chemical quality of maize grain. This impact has been largely documented on the processing quality and sensory properties of masa and tortilla (Mexican products) (Harrigan et al., 2007; V azquezCarrillo et al., 2011) , which required special processing. However, very limited information has been reported regarding fermented bread. Previous reports pertaining to the relationship between maize standard quality criteria and breadmaking potential have been focused on the production of breads containing gluten. Revilla et al. (2008) found genetic variability for yield and grain quality in a collection of open-pollinated maize populations used for making gluten-containing bread in the north and north-west of Spain. Brites et al. (2010) found no significant differences among maize varieties for dough behaviour during mixing and handling or specific volume, but sensory analysis revealed a preference for traditional maize populations over the hybrids. Accordingly, consumers prefer maize bread made with traditional flint populations than with modern commercial dent hybrids (Landa et al., 2006) . Differences among maize samples were also significant for chemical traits such as protein, amylose and ash content (Brites et al., 2010) . Vaz Patto et al.
(2009) found variability for viscosity and chemical composition in a collection of maize populations from Portugal and concluded that Portuguese germplasm could be a valuable resource for quality improvement. To the best of our knowledge, diversity for bakery performance in the gluten-free context has not been previously reported in a representative collection of maize germplasm.
Our objective was assessing diversity for dough rheology and breadmaking in representative collection of open-pollinated maize populations with different origins, grain types and growth cycles.
Material and methods

Maize
Seven maize open-pollinated populations were selected as a representative sample of the maize germplasm available for breeding in the Spanish collection, including two populations from the USA ( Table 1) . The populations represent the grain types, the climatic adaptation and the growth cycles used in breeding programs. Each population was multiplied in Pontevedra (north-west of Spain) for three years to have seed from three environments for evaluations. Two commercial flours of wheat and rice were included in the tables of means for reference, but they were not included in the statistical analyses. Wholegrain of maize populations and commercial rice were milled and used for making bread, along with wheat flour (Fig. 1) .
The assessment of the flotation index was used for characterising the kernel hardness. One hundred kernels were placed in a beaker containing 300 mL of NaNO 3 solution (1.25 g mL À1 ). They were stirred to separate the kernels and let stand for 1 min. The number of floating kernels indicates the flotation index (SAGARPA, 2002) . The test was performed in duplicate.
Maize wholemeal characteristics
Wholemeal maize flour was obtained after milling the samples using a laboratory mill (IKA M20 Labortechnik, Staufen, Germany). Wholemeal flour was sieved through 0.85-mm screen, and then, larger particles were ground and sieved again to obtain less than 0.85-mm particles, and this fraction was added back to the flour. Moisture flour content was calculated based on ISO 6540:1980 method (ISO, 1980 . The pasting properties were determined by Rapid Visco Analyser (RVA 4500, Perten Instruments SA, Stockholm, Sweden) following the International Association of Cereal Chemists Approved Method 162 (ICC, 1997). The sample (3.5 g of flour based on 14 g of moisture per 100 g of flour) was dispersed in distilled water (25.0 mL). For RVA calculation, flour samples were hold for 60 s at 50°C, heated from 50 to 95°C in 282 s, hold at 95°C for 150 s and then cooled to 50°C. Each cycle was initiated by a 10 s, 960 r.p.m. paddle speed for mixing followed by a 160 r.p.m. paddle speed for the rest of the assay. Viscosity was recorded during a heating-cooling cycle using Thermocline software for Windows (Perten Instruments SA). Peak viscosity at 95°C, final viscosity, setback (difference between final viscosity and peak viscosity at 95°C) and onset temperature were evaluated.
The water hydration capacity, defined as the amount of water retained by the sample under centrifugation, was also evaluated. Samples (100 mg) were mixed with distilled water (1 mL) and vortexed for 5 min at 600 r.p.m., and then, they were centrifuged at 5000 g for 10 min. Water hydration capacity was expressed as grams of water retained per gram of solid. All the analyses were made by duplicate.
Breadmaking process
The formula used for maize and rice was in flour basis: 2% sugar, 1% dry yeast, 0.5% xanthan gum and 100% water. For wheat, flour breads were used the same formulation without the hydrocolloid (xanthan gum) and the amount of water was 60% (v/w flour basis). The doughs were optimally mixed at 100 r.p.m. in stirrer with a turbine accessory (IKA Eurostar 40, Staufen, Germany). The breadmaking was carried out in a scale-down method, and 4 g of dough was put in well-greased glass pans, proofed for 30 min at 35°C and 50% relative humidity and then baked in an oven at 130°C for 7 min (Garz on & Rosell, 2014). Two batches were run for each sample.
Bread analyses
To determine the bread quality, the crumb colour and texture were quantified. Crumb bread colour was determined using a colorimeter (Chroma Meter CR-400/410, Konica Minolta, Tokyo, Japan) after standardisation with a white calibration plate (L* = 96.9, a* = À0.04, b* = 1.84). The colour was recorded using CIE-L*a*b* uniform colour space, where L* indicates lightness, a* indicates hue on a green (À) to red (+) axis, and b* indicates hue on a blue (À) to yellow (+) axis. Values are the mean of three replicates. Crumb hardness was determined in a Texture Analyzer TA-XT2i (Stable Micro Systems, Surrey, UK) using a texture profile analysis (TPA). A bread slice of 10 mm thickness was compressed up to 50% of its original height at a test speed of 1 mm s À1 , with a cylindrical stainless steel probe having an adapted diameter for these slices (diameter 6 mm). Values were the mean of six replicates.
Statistical analysis
The effect of maize population on grain hardness, flour characteristics and bread technological quality parameters were analysed by analysis of variance being varieties fixed factors and all other sources of variation random factors. Means comparisons were performed by Fisher's protected LSD test. As the maize populations represent different origins, growth cycles and grain types (Table 1) , subsequent analyses of variance were carried out for studying the effects of these factors on flour and bread quality parameters. For these analyses, we grouped the populations by origins (north of Spain, south of Spain and USA), growth cycles (early, medium and late) and grain type (dent and flint), respectively. In these analyses, the least-squares means method was used to calculate the means, as the number of data used for calculating each mean was different, and, consequently, to perform mean comparisons by pairs of means. Principal component analyses were performed with flour and bread parameters, respectively, to identify the most discriminant parameters for maize populations and to figure out the distribution of the maize populations in the multivariable space. All statistical analyses were conducted at a significant level of P ≤ 0.05 with Statistical Analysis System (SAS Institute, 2010).
Results and discussion
Grain, wholemeal and bread quality traits of seven open-pollinated maize populations with different grain type, origin and growth cycle (Table 1) were shown in Table 2 . For comparison purposes, the values obtained for wheat and rice are included in Table 2 , but not considered in statistical analysis. Grain quality was evaluated by recording flotation index, which is an estimator of grain hardness or grain density. For flotation index, there was enough variability from the most grain-dense population Tremesino (23.33) to the lightest-grain population ASG (76.67) (Table 2), but it was not possible to find significant relationship with the type of grain. Growth cycle affected flotation index, having early populations higher flotation index. Similarly, population origin affected flotation index, as the US populations were harder than the Spanish ones. The optimum value for flotation index depends on the intended use of the maize grain. Values lower than 40% are recommended for the masa and tortilla industry, although highland landraces used for that purpose had an average flotation index of 61% (V azquez-Carrillo et al., 2011). The preference for high density grains has been reported for bread (Thompson & Goodman, 2006; Revilla et al., 2008) . Maize flours had water-binding capacity similar to rice and larger that wheat flour. Onset pasting temperature was slightly larger in maize flours, compared to rice and wheat; maximum and final viscosity in maize was far below those of rice and wheat; and setback was similar in maize and wheat (Table 2) . Moisture was higher for early than for late populations, and for American than for Spanish populations (Table 3) . Water-binding capacity varied with origin, growth cycle and grain type, being the lowest values obtained with Rastrojero and Sajambre, along with Tremesino and Tuy (Table 2) . Pasting properties were determined as gelatinisation and gelification has been reported as one of the most important predictors for gluten-free bread development (Matos & Rosell, 2015) . Viscosity recorded during the heating-cooling cycle (Fig. 2 ) of wholemeal maize suspensions showed different profiles compared to those of wheat or rice flours. Generally, viscosity patterns of maize traits lacked of a clear peak viscosity, showing a continuous increase in viscosity during heating and cooling, although two deep slopes were detected initially after the onset temperature and then at the end of the cooling gradient. No decay of viscosity, when holding temperature at 95°C, was detected when analysing the different traits, indicating good stability of the starch granules during heating, in consequence, no breakdown was determined. The lowest maximum viscosity at 95°C was obtained for Tremesino, which together with Tuy showed the lowest final viscosity; both populations had also the lowest flotation index and thus have the grains with the highest density. It would be expected lower breadmaking performance in those populations as Matos & Rosell (2015) found a significant positive correlation between the viscosity increase during cooling and both hardness and cohesiveness of bread crumbs. There was diversity for flour quality among these maize populations, as previously reported by Brites et al. (2010) , who also found significant differences among maize populations for flour colour and viscosity, as they reflected the variation of genotypes associated with starch structural properties (Ketthaisong et al., 2014) . The population Tuy, which had high hedonic sensory qualification for gluten-containing breads in a previous study (Revilla et al., 2008) , was less distant from wheat than other maize populations only for grain hardness and cohesiveness, while it was more distant for onset pasting temperature, chewiness and instant recovery speed. Breads were made from each maize population to identify the effect of genetic variation on their breadmaking performance (Table 2, Fig. 1 ). All maize populations produced bread clearly distinct from wheat and rice. Maize breads were far below wheat and rice values for crumb colour L*, retarded recovery elasticity, cohesiveness and chewiness (Table 2) . Maize populations had variable values for crumb colour a* and b*, being maize similar to wheat and rice for crumb colour a* and having higher values for crumb colour b*. The southern Spanish late dent population Andaluz/Daxa was the closest one to wheat for crumb colour L* and b*, while the southern Spanish medium semident population Tremesino was the most distant to wheat for crumb colour a* and was quite distant for L* and b*. Endosperm type affected significantly bread traits (Table 3 , Fig. 1 ). Dent and flint populations were significantly different for some bread traits, particularly flint maize had lower crumb luminosity L* and reddish colour (a*), but yielded higher yellowish tone (b*). Southern Spanish maize led to brighter crumbs with reddish light yellow tones, and breads showed faster recovery of the crumb structure, similar to the US maize. Finally, growth cycle affected crumb colour parameters L* and a*, and cohesiveness, having early populations higher crumb colour b* and lower L* and a* and instant recovery speed than late populations. Regarding crumb hardness, maize breads showed close hardness to rice breads, which, as expected, was higher than that of wheat bread. Population origin had significant effect on hardness, being southern Spanish populations the hardest ones. In addition, dent maize had higher instant recovery speed, which have being associated to lighter crumb structures with higher number of gas cells leading to faster recovery of the structure after compression (Matos et al., 2014) . Rai et al. (2012) found that substitution of wheat flour by rice or maize altered the pasting properties and breadmaking qualities. As the proportion of wheat flour was reduced, the pasting temperature and the baking absorption increased, whereas bread specific volume decreased. Similar results were also reported by Nkhabutlane et al. (2014) , who found that steamed maize breads had lower volume, harder and denser crumbs, and their texture was more chewy, dry, fibrous, brittle and needed higher compression force to deform than wheat bread. Therefore, bread quality parameters were quite distant from those of wheat or rice, and most of them depend on the maize variety chosen. There was diversity for bread quality among these maize populations, but no clear pattern of geographic or growth cycle was observed for dough characteristics. Similarly, Revilla et al. (2008) concluded that there was no clear relationship between agronomic and breadmaking performance in gluten-containing breads. Altogether, our populations had lower pasting temperatures than those reported by Brites et al. (2010) for the two Portuguese populations analysed and even lower than those of wheat and rice. These results agree with the results of Mart ınez & el-Dahs (1993) who found a reduction in maximum viscosity and an increase in final viscosity when maize flour was added to wheat flour. Several authors found clear differences between flint and dent maize for dough properties (Almeida-Dominguez et al., 1997; Sandhu et al., 2007; Brites et al., 2010) , although present study indicates that flour and bread characteristics are slightly related with flint or dent phenotype and dent grains were more distant than flint grains for this quality traits when a representative sample of maize populations with intermediate values for flint and dent grain is used. Principal components analysis was performed to find possible clusters of maize populations according to flour and bread parameters. The first two principal components (CP) for flour traits had eigenvalue above one and explained 89% of the variability (Fig. 3a) . PC1 explained 67% of the variability, and the quality traits with highest contribution were final viscosity and setback with positive sign, which were the most discriminative quality parameters for maize flour (Matos & Rosell, 2015) . PC2 explained 22% of the variability, and the quality trait with highest positive contribution was maximum viscosity at 95°C, while water-binding capacity had a negative score in PC2. Both US populations were located in the same sector of the plot, while the Spanish populations were dispersed. Furthermore, there was no clear distribution pattern for origin, cycle or grain type. However, traditional maize bread containing gluten in the humid Spain is made with populations like Tuy that is in the double negative sector.
For bread quality (Fig. 3b) , the first three PC had eigenvalue above one; PC1 explained 41% and had the highest positive contributions from hardness and crumb colour L*, while crumb colour b* and cohesiveness had large negative contributions. PC2 explained 29% of the variability, and the largest positive contributors were chewiness, retarded recovered elasticity and crumb colour a*. Therefore, the bread quality parameters with the highest discriminant ability among maize populations were hardness, crumb colour L*, crumb colour b* and cohesiveness. The distribution of maize populations in the PCA plot, based on bread quality, was not related to that based on flour quality (Fig. 3a) . The distribution maize populations in the PCA plot based on bread parameters did not follow a clear pattern. Nevertheless, the two US populations were quite close and both populations from northern Spain were not far away along the PC2, suggesting that the origin of maize germplasm could have some effect on bread quality. Also both medium-cycle populations from the dry Spain (Rastrojero and Tremesino) were quite close, suggesting that growth cycle could affect bread quality. Considering both PCA for flour and bread together, they resemble the PC1 obtained by Vaz Patto et al. (2009) although the quality traits involved in each analysis were different except for the viscosity traits. Similarly, these authors obtained a PC1 that included colour, as in our present work. We can speculate that the populations with positive scores in these PCs would produce flour with characteristics less distant from the dough of wheat, although they are not necessarily those with more potential value for the quality standards of traditional maize bread. Actually, the viscosity profile of standard wheat and rice samples and that of two typical maize flours (the European Flint Tuy and the Corn Belt Dent AS3(HT)C3) was so different that we should not expect to imitate wheat bread replacing wheat by maize (Fig. 2) . The viscoelastic profile obtained for these populations was very different from those of wheat and rice, but it was also different than the profile found by Brites et al. (2010) using maize flour produced by an electric mill.
Conclusion
There is large diversity among maize populations for flour and bread quality parameters, and maize was very different from wheat or rice for most parameters, particularly maximum and final viscosity, crumb colour b*, retarded recovery elasticity and chewiness. The Spanish population Tremesino was the most distant from wheat quality parameters, followed by Tuy, while the Spanish population Andaluz/Daxa and the US population AS-G were the less distant to wheat. Maize origin affected most quality parameters, while growth cycle affected fewer parameters and grain type only a few bread parameters. These results open new possibilities for breeding maize for bread quality, but further research is needed to find out which types of maize are more appropriate for breadmaking.
